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Abstract 

Chemical machining serves essential applications throughout the electronics industry in the 
manufacture of diverse metallic components. Etchants of transition metal salts are especially 
favored for their ability to be regenerated by simple oxidizing agents, including atmospheric 
oxygen, allowing steady-state processing. Despite their relevance, elementary steps in the reaction 
mechanisms of copper chemical machining have not yet been fully characterized. This review draws 
from supporting literature to assert hypotheses of intermediate coordination states in the 
heterogeneous electron transfer mechanism of the surface dissolution reaction by each of three 
common etchants of transition metal salts: ferric chloride, acidic cupric chloride, and alkaline cupric 
ammine chloride. Primary evidence is evaluated as well for mechanisms asserted of their aerobic 
regeneration pathways. Additionally, the reader is directed to relevant mathematical models cited 
throughout the article, and areas for further research are identified in each section. 

Keywords: etching; etchant; anodic dissolution; corrosion; cupric chloride; ferric chloride; copper 
ammine 

 

1. Introduction 

The dissolution process where complimentary redox reactions occur spontaneously and 
simultaneously on the same surface of the electrode is known as chemical machining and was heavily 
advanced during the 1900s by the electronics industry for application in the manufacture of 
conductors on printed circuit boards, lead frames of semiconductor devices, and other electronic 
components [1,2]. In these modern applications, both photographic and chemical techniques are 
employed sequentially, a process termed photochemical machining, to selectively remove the area to 
be machined (Figure 1): the workpiece is coated with a photoactive polymer, areas to be retained are 
exposed and developed, then the undesired material is chemically machined, leaving material 
retained only in areas protected beneath the photopolymer [1–3]. In general, this process is known 
by many names including etching, wet etching, photoetching, photochemical milling, 
photoengraving, and chemical micromachining among others depending on context [1–4]. 

Chemical machining of Group 11 elements (Cu, Ag, Au) by this solution method has the 
comparative advantages of lower capital investment costs for tools, independence from physical 
properties of the workpiece, high selectivity regarding other films and materials in device structures, 
and high precision on micrometer scales [2,5]. These methods are not suitable, however, on 
nanometer scales where controlled profiles are required for advanced microelectronics, due to the 
isotropic nature of chemical machining [1–6]. Machining by liquid, as well as by gaseous and vapor-
phase etchants, is generally isotropic, having a non-zero etching rate in all directions [2,5]. As 
microcomponents are advanced toward smaller dimensions, the thickness of the material becomes 
comparable to the lateral pattern dimensions to the extent which the lateral etching imparted by 
isotropy of the etchant may become intolerable or difficult to control [4,7,8]. This has been noted as 
the most influential factor in fabricating three-dimensional microcomponents of micro-
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electromechanical systems [4]. For this reason, chemical machining equipment is usually designed 
with pressurized sprays impacting the workpiece with etchant perpendicularly, which has been 
shown to give some preference to vertical etching over the lateral direction [3,6,9]. Several 
mathematical models have been developed which simulate the isotropic nature of chemical 
machining [10–12]. 

 

Figure 1. The photochemical machining process: (a) A copper workpiece coated with a photopolymer; (b) The 
photopolymer imaged and developed, leaving undesired copper areas exposed for machining; (c) Undesired 
copper chemically machined with visible isotropy; (d) The photopolymer removed, leaving only the intended 

copper pattern on the workpiece. 

Alternative process have been developed toward anisotropic machining at nanometer scales 
with nearly vertical side walls, using machining agents such as ion beams, laser and high-intensity 
photon sources, and plasmas [1,5]. Although, these methods pose a much greater expense which 
keeps chemical machining a more viable option when pattern dimensions would tolerate its degree 
of isotropy. Additionally, chemical machining generally provides greater etching rates and selectivity 
[1]. Common etchants used for photochemical machining are transition metal salts: acidic ferric 
chloride, acidic cupric chloride, and alkaline cupric ammine chloride; others include chromic-sulfuric 
acid, ammonium persulfate, and hydrogen peroxide with sulfuric acid [1,4]. The transition metal salts 
have the comparative advantages of greater reaction rates and the capability to be regenerated for a 
steady-state system [1,2,13]. This is especially true for cupric chloride, where reaction products 
maintain the bath composition so long as chloride is kept in excess, but less true for ferric chloride, 
where reaction products change the bath composition from its starting condition as dissolved copper 
species accumulate [1,2,13]. 

In production of multi-layered printed circuit boards, conductors are connected between layers 
by a through-hole plating process typically utilizing metallic resist during machining, such as a tin-
lead alloy, rather than a photopolymer [1]. Selectivity is therefore required of the etchant to remove 
copper while preserving the metallic resist. Among the three noted etchants of transition metal salts, 
alkaline cupric ammine chloride provides the greatest etch rate and capacity for dissolved copper 
with the selectivity needed to preserve tin and tin-lead alloy resists. Although, these benefits come 
by greater operation and copper recovery costs [2,4,13]. In contrast, acidic cupric chloride is favored 
due to its lower costs and chemical simplicity in machining and regeneration, but it exhibits the 
slowest etch rate of the three without selectivity for copper, limiting its typical application in printed 
circuit board manufacturing to chemical machining of individual layers [2,4,13–15]. Ferric chloride is 
a universal metal etchant which has decreased in popularity for high-volume machining of copper 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 31 October 2025 doi:10.20944/preprints202510.1799.v2

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202510.1799.v2
http://creativecommons.org/licenses/by/4.0/


 3 of 13 

 

due to its lower capacity for dissolved copper than acidic cupric chloride, despite usually having 
greater etch rates [2,4,13,15,16]. 

Despite a long-standing history and industrial usage, elementary steps in the reaction 
mechanisms of copper chemical machining have yet to be fully characterized. The machining 
principle, however, is known to involve two sequential stages: oxidation of the metal surface 
followed by solvation of the oxidation products [5,17]. Therefore, the overall rate of etching is not 
only dependent on the intrinsic redox reaction but also on the dissolution of oxidation products from 
the metal surface. 

While reduction of the Cu(II) metal center of reacting etchant is observed to occur exclusively 
through two successive, one-electron transitions between Cu(II) and Cu(0) [18,19], oxidation of the 
solid copper workpiece is more intricate. At sufficiently low applied potentials in acidic chloride 
solutions, which applies to both ferric chloride and cupric chloride, electrodissolution of copper may 
proceed by a single step involving termolecular addition of two chlorides to solid copper [20]. 
Although, this is relevant only to electrochemical methods which apply an external bias rather than 
to industrial chemical machining usually operating at open-circuit potentials. Otherwise, two-step 
oxidation is seen near the open-circuit potential in acidic chloride solutions [18], while solid copper 
in alkaline ammonia solutions exhibits two-step oxidation only for thin layers of electroplated copper 
electrodes tested from 0.03-µm thickness [19]. Indeed, the bidirectional diffusion limitation at the 
copper surface imposed by its passivation in conjunction with viscosity arising from high specific 
gravity and ionic strength of industrial etchants makes industrial chemical machining reactions 
generally mass transfer-limited and diffusion-controlled [3,7,21–23]. 

In the example of ferric chloride, the actual dissolution rate of copper increases nearly linearly 
with ferric chloride molarity, as expected by the mass action law, but then reverses after a maximum 
[3,24]. This reversal is seen only in the actual dissolution rate, where effects of mass transfer are 
neglected. Correcting for mass transfer shows the rate intrinsic to the dissolution reaction instead 
continues to increase asymptotically at greater concentrations, demonstrating the limitations of the 
diffusion-controlled process [3,24]. 

Essential to the goal of designing and modeling reactors for anisotropic chemical machining is 
to establish an understanding of the mechanisms driving the reactions as well as of those which are 
limiting. This review draws from supporting literature to assert hypotheses of the heterogeneous 
electron transfer (ET) mechanism involved in the surface machining reaction of each of the three case 
etchants and evaluates primary evidence for their aerobic regeneration mechanisms as well. 
Passivation and stability of the dissolved metals will be examined in another review. 

2. Chemical Machining 

While the etching mechanisms of ferric chloride, cupric chloride, and alkaline cupric ammine 
chloride are all commonly explained using their neutral salts (FeCl3, CuCl2, and Cu(NH3)4Cl2,, 
respectively) as the active oxidizing agents, this supposition is not well-supported by literature. 
Rather, machining mechanisms have been found to proceed by intermediate coordination states [25]; 
or, as in the case of ferric chloride, studies correlating etch rate with speciation have found 
diminishing effects on etch rate with prevalence of the neutral salt, hypothesizing FeCl3 to be 
nonreactive [3] or even to act as an inhibitor [24]. Although, the indication of inhibition rather than 
inactivity seems confounded due to diffusion limitations at high ionic strengths. When corrected for 
mass transfer, the etch rate is seen to increase asymptotically up to 3.5 M rather than reversing, 
exemplifying the importance of examining intrinsic kinetics in addition to those observed [3]. 

For each of the three case etchants, equilibrium in known between coordination states of the 
metal center [25–27]. The coordination numbers of reported dominant species at industrial 
concentrations overlap between oxidized and reduced forms, indicating a probable ET pathway with 
reduced reorganization energy consistent with adiabatic transfer. Given the speciation distributions 
and ligand exchange equilibria discussed in this section, it is hypothesized here that ET for each of 
the three etchants is mediated by ligand exchange which equalizes inner-sphere coordination of the 
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oxidized and reduced forms of the metal center to facilitate ET. Although, this pathway is dependent 
on both, rapid ligand exchange rates on the order of the intrinsic ET timescale to constitute a pre-
equilibrium condition in addition to sufficient electronic coupling between the donor and acceptor. 
Pre-equilibrium seems likely in most cases when considering the small ligands involved (chloride 
and ammonia) and the effect on lability by Jahn-Teller distortion brought by the d9 configuration of 
the copper(II) reactants [28]. Electronic coupling may also be benefited, in the absence of passivation, 
by the heterogeneous nature of chemical machining reactions: solid-phase metal reacting with liquid-
phase etchant. Literature related to this hypothesis is reviewed within this section. 

2.1. Ferric Chloride 

The ferric chloride etchant is unique in that its salt serves two purposes in the chemical 
machining of copper, reacting twice as an oxidizing agent. The solid copper is first oxidized to 
copper(I), which forms a passive copper(I) chloride film adsorbed onto the copper surface that 
dissolves in the presence of free chloride [15,17]. Then, dissolved copper(I) products are again 
oxidized by ferric chloride to copper(II) chloride, which acts independently as cupric chloride etchant 
in the same bath volume [15]. This result brings complexity to the use of ferric chloride etchant on 
copper. The bath composition changes as the reaction proceeds and the overall etchant behavior is 
altered [29]. 

Throughout a range of ionic strengths encompassing industrial etchant concentrations, the 
predominant complexes of iron(III) are FeCl3 and FeCl2+, accounting for well over 50% of all species 
[24,26,30,31] (Figure 2). Lesser concentrations of FeCl2+ and hydrated Fe3+ are equilibrated in solution, 
and at high chloride concentrations, FeCl4- is observed as well [24,32]. As for the reduced form, iron(II) 
is known only to form the stable complexes FeCl2 and FeCl– in aqueous chloride solutions, with the 
dichloro complex most prevalent [26,30,33–35]. These dichloro complexes of iron(III) and iron(II) 
prefer identical structures of their inner coordination sphere, with chloride ligands in trans positions 
of the otherwise hydrated octahedron [30,35,36]. Thus, there may be a viable ET pathway with 
reduced reorganization energy, Reactions (1) and (2). 

FeCl3(aq) ⇌ FeCl2+(aq) + Cl–(aq) (1)

FeCl2+(aq) + Cu(s) + Cl–(aq) → FeCl2(aq) + CuCl(s) (2)

Net Reaction: 

FeCl3(aq) → FeCl2(aq) + CuCl(s) (3)

The literature search did not yield rate constants for the ligand exchange from FeCl3 to FeCl2+, 
which is necessary to evaluate the premise of ligand exchange fast enough to constitute a pre-
equilibrium condition to ET. However, other exchange rates for the ferric complex are reported on 
the order of 103 M–1s–1 [31]. 

The oxidation of dissolved copper(I) to copper(II) by ferric chloride has been proposed to 
proceed by simultaneous pathways of free Fe3+ and FeOH2+ as the oxidizing agents [37]. This does not 
seem applicable under industrial conditions, however, given the pH range of 0.0-1.3 and the 
micromolar FeCl3 concentrations at which the experiment was performed, considering the known 
concentration-dependence of iron chloride speciation (Figure 2). These proposed species do not 
comprise a significant portion of iron(III) species at greater concentrations [24,26]. Under industrial 
conditions, this homogeneous ET instead likely proceeds by some non-adiabatic mechanism which 
may involve the trichloro or again the dichloro ferric complex with a bridging ligand between the 
two solvated metal complexes. A complete conjecture will not be proposed in this article but must be 
addressed by further research. 
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Figure 2. Ferric chloride speciation distribution and observed etch rate with FeCl3 molality at constant acid 
concentration (0.84 M HCl) at 50 °C. Adapted from Bryce, 1992 [24]. 

2.2. Acidic Cupric Chloride 

Copper(II) complexes are extremely labile with typical ligand exchange rate constants reported 
on the order of 106−109 M−1s−1 [38]. The trichloro complex, CuCl3–, has been reported as the dominant 
species in reacting solutions [7,39,40]. Although, speciation distributions describing coordination of 
more than two chlorides as a function of copper(II) chloride concentration seem to be lacking [7,26], 
despite their known formation in solution [27,38,41]. Otherwise, the dichloro complex has been 
reported in majority concentrations [26]. As for copper(I), it is well-agreed that dichloro and trichloro 
states are also most prevalent, with the trichloro complex, CuCl32–, being the major species in 
concentrated solutions [23,26,42]. Considering the potential for fast lability to provide sufficient pre-
equilibrium, it may be the case that ET proceeds with significant quantity by reduction of both, the 
trichloro and dichloro cupric complex, Reactions (4)–(7). 

CuCl2(aq) + Cl–(aq) ⇌ CuCl3–(aq) (4)

CuCl3–(aq) + Cu(s) + Cl–(aq) → CuCl32–(aq) + CuCl(s) (5)

And simultaneously, 

CuCl2(aq) + Cu(s) + Cl–(aq) → CuCl2–(aq) + CuCl(s) (6)

CuCl2–(aq) + Cl–(aq) ⇌ CuCl32–(aq) (7)

Both resulting in the net reaction: 

CuCl2(aq) + Cu(s) + 2Cl–(aq) → CuCl32–(aq) + CuCl(s) (8)

The viability of these mechanisms to proceed with such quantity would still depend on the 
specific ligand exchange rates relative to the intrinsic ET timescale as well as on the prevalence of 
dichloro copper(II). Reduction of the trichloro cupric complex is also the most thermodynamically 
favored, indicated by its greater standard reduction potential among other cupric chloro complexes 
[40]. 

2.3. Alkaline Cupric Ammine Chloride 

In molar aqueous ammonia, copper(II) tetrammine and copper(I) diammine are the 
predominant species, preferring square-planar and linear configurations of ammine ligands, 
respectively [43,44]. This difference in preferred coordination geometry poses a reorganization 
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energy barrier to direct reduction of the tetrammine, suggesting there may be an intermediate 
configuration which allows ET to proceed with reduced inner sphere reorganization. Indeed, Butler-
Volmer analysis of the Cu(II)/Cu(I) redox couple in aqueous ammonium sulfate solutions shows the 
tetrammine complex is not the electroactive species [25]. Rather, a triammine intermediate was 
determined to be the active species in reduction of Cu(II), independent of electrode material, by a 
mechanistic analysis with impedance spectroscopy, Reactions (9)–(11). It should be noted that 
cuprous oxide, Cu2O, is also known to form as a passive species in addition to cuprous chloride, CuCl 
[45]; however, the associated formation mechanism is omitted here and deferred to a future review. 

Cu(NH3)42+(aq) ⇌ Cu(NH3)32+(aq) + NH3(aq) (9)

Cu(NH3)32+(aq) + Cu(s) + Cl–(aq) → Cu(NH3)3+(aq) + CuCl(s) (10)

Cu(NH3)3+(aq) ⇌ Cu(NH3)2+(aq) + NH3(aq) (11)

Net Reaction: 

Cu(NH3)42+(aq) + Cu(s) + Cl–(aq) → Cu(NH3)2+(aq) + 2NH3(aq) + CuCl(s) (12)

The mechanistic analysis itself is based on the supposition of the oxidized and reduced forms 
having equal coordination numbers. This premise seems reasonable considering likely fast exchange 
equilibrium of the small ammonia ligand in conjunction with the greater energetic barrier of an 
otherwise direct ET [25]. Equal coordination numbers of both species then promotes adiabatic ET 
following fast ligand exchange pre-equilibrium, which is supported by the finding of the transfer step 
being rate-limiting [25]. The triammine species has also been identified spectrophotometrically in 
ammonia solutions at unit ionic strength [46] as well as in liquid ammonia [47]. 

3. Aerobic Regeneration 

A primary benefit of chemical machining with etchants of transition metal salts is their ability to 
be regenerated for continuous, steady-state machining [1,13]. Common oxidizing agents are used to 
regenerate the reduced reaction products, including sodium chlorate, hydrogen peroxide, gaseous 
chlorine, gaseous oxygen, and electrochemical methods [13,48–50]. Although, regeneration by 
oxygen from atmospheric air has long been considered the most appealing option, on account of its 
comparative advantages in cost and safety [13,48,51,52]. 

Being an instance of mass transfer with chemical reaction [53], considerations also have long 
been made for machine designs which sparge air through the etchant bath for increased regeneration 
efficiency, increasing the reaction rate by the mass-action law as reactant concentration increases 
[48,52]. As a non-polar gas, oxygen exhibits very low solubility in water which decreases further with 
electrolyte concentration [54,55]. Solubility of oxygen in water also decreases as temperature rises 
from 0–100 °C but then increases above 100 °C as temperature continues to rise [55]. pH alone does 
not have a direct effect on solubility [56]. Rather, its main influence would be in changing protonation 
states of dissolved species which may then exert some effect on oxygen solubility. Mathematical 
models have been developed to determine oxygen solubility in inorganic solutions at a given 
temperature [57]; although, the assumption of negligible undissociated ionic salts is likely to lead to 
underestimations in the case of etchants at industrial ionic strengths. Otherwise, simple estimations 
exist for oxygen solubility in electrolyte solutions relative to pure water [54]. 

Mechanisms have been proposed for oxidation by oxygen of iron(II) and copper(I), relating to 
the acidic etchants, ferric and cupric chloride. An outer-sphere ET is described [58], Reactions (13)–
(15), where ML and ML+ are generalized as the reduced and oxidized metal center coordination 
complex, respectively. Ligands and phase labels are neglected, as kinetically active complexes in 
these paths have not yet been elucidated and all species other than water are aqueous. 

M + O2 + H+ ⇌ M+ + HO2 (13)
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M + HO2 → M+ • HO2– (14)

M+ • HO2– → M+ + HO2– (15)

Alternatively, an inner-sphere mechanism is proposed for the first ET to oxygen, Reactions (16) 
and (17) [58,59]. 

M + O2 ⇌ M • O2 (16)

M + M • O2 + H+ → 2M+ + HO2– (17)

Following dissociation of the perhydroxyl anion, HO2–, from both mechanisms, either from the 
transient outer-sphere complex or the inner-sphere adduct, reduction continues to form hydrogen 
peroxide and follows the standard reduction mechanism for hydrogen peroxide in acidic solution to 
form water, Reactions (18)–(21) [58,60]. 

HO2– + H+ ⇌ H2O2 (18)

M + H2O2 → M+ + OH– + OH (19)

M + OH → M+ + OH– (20)

2OH– + 2H+ → 2H2O (21)

In either case, the net reaction is achieved: 

4M + O2 + 4H+ → 4M+ + 2H2O (22)

The application of these mechanisms to each of the three case etchants is discussed within this 
section. 

3.1. Ferric Chloride 

Oxidation of iron(II) by oxygen is a slow process on the order of 10-2 M–1s–1 [58], which seems 
unsuitable for the purpose of maintaining stable machining conditions for most production demands. 
Independent of acid concentration, oxygen is not observed to regenerate iron(III) on the necessary 
timescale of live industrial processing [3,52]. Early research even suggested oxygen to act as a surface 
poison reducing active centers on the copper surface available for reaction, as etching rates in 
solutions near 1.5-3.5 M FeCl3 are decreased when saturated with oxygen compared to inert gas [3]. 
Most success was found with up to 89% conversion after 5 hours of oxygen sparged into boiling 
etchant under reflux [61]. The limitation is not largely due to mass transfer control, as sparging with 
reduced oxygen bubble surface area by a static mixing design was also ineffective in significantly 
reducing timescale [48]. Only slow regeneration was observed overnight when the surface area of the 
etchant droplets were reduced and exposed to ambient air, which appears to have sufficed for limited 
production demand [48]. However, other gaseous oxidizers are known to be effective, including 
chlorine and ozone [48,52], thus indicating a mechanism with activation control, rather than diffusion 
control, for oxidation by molecular oxygen. 

The activation energy has been calculated in the range of 71-78 kJ mol–1, decreasing with 
additional chloride [59]. It has been proposed that the activation limitation lies in the formation of 
the probable hydrogen peroxide intermediate [3], stating the reduction potential of hydrogen 
peroxide under standard operating conditions is insufficient to oxidize the ferrous ion. Hydrogen 
peroxide is, however, a known, effective oxidizer for ferric chloride etchant and is commonly used 
among other options including sodium chlorate and electrochemical methods [48,62,63]. The limiting 
step of the mechanism must then be before the formation of a hydrogen peroxide intermediate. 

Considering the reduction potentials of involved species [58], the equilibrium of Reaction (13), 
the first ET to oxygen of the outer-sphere mechanism, is the most thermodynamically unfavorable. 
The reduction potential of the Fe(II)/Fe(III) couple when the reduced form is in excess is consistently 
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greater by at least 0.1 V than the reduction of O2 to form the perhydroxyl radical, HO2, except at high 
acidity [58]. The addition of chloride would be expected to promote the reduction of O2 by favoring 
the forward reaction of equilibrium Reaction (13), since Fe(III) is better stabilized by Cl– than Fe(II), 
as given by its greater stability constants at various ionic strengths [26] and greater oxidation state 
with cationic charge density as the harder acid [64]. Indeed, the difference between the reduction 
potentials diminishes as chloride concentration is increased, which, in conjunction with the finding 
that rate constants for the oxidation by hydrogen peroxide increases similarly, is aligned with the 
observation of overall faster oxidation of iron(II) by molecular oxygen with lower activation energy 
as chloride concentration increases [58,59,65]. 

Given the unfavorable thermodynamics of Reaction (13), the outer-sphere ET to O2 is not likely 
for iron(II) unless stronger ligands for Fe(III) are present to further promote the forward reaction of 
the equilibrium, such as phosphate and fluoride [58]. The derived rate equation of the outer-sphere 
mechanism predicts an inverse dependence on Fe(II) concentration, which is not observed 
experimentally, and disagreement also exists between theoretical kinetics and observed rate data of 
the elementary steps [58]. The inner-sphere mechanism is in better agreement with observed 
dependence on Fe(II) concentration and observed kinetics, being first order with respect to oxygen 
and either first or second order with respect to Fe(II), depending on chloride concentration, with 
concentrations greater than about 3 M shifting to first order kinetics [58,59,66]. Thus, the inner-sphere 
mechanism, Reactions (16)–(17), for the first ET from molecular oxygen is a more likely contributor 
to the oxidation of iron(II) [58]. 

3.2. Acidic Cupric Chloride 

The rate of oxidation of copper(I) by molecular oxygen is on the order of 101 M–1s–1, nearly 500 
times greater than that of iron(II), whereas the corresponding rates of oxidation by hydrogen 
peroxide are very similar and much faster still than oxidation by oxygen [58]. This is true even in the 
presence of excess copper(II), which is known to retard oxidation of copper(I) by oxygen while the 
rate of oxidation by hydrogen peroxide is unaffected [58,60,67]. Arising from these faster rates, the 
reaction is controlled primarily by mass transfer, specifically by the diffusion of oxygen on the 
solution-side of the boundary layer [68]. Mathematical models have been developed to describe 
oxidation of copper(I) by air in packed, co-current column reactors [12,69], as well as to describe the 
position of the reaction plane with accounts for diffusion and fluid flow generated by a rotating disk 
electrode [40]. 

Opposite the case of ferric chloride, reduction potentials [58] show thermodynamic favor of the 
first ET to oxygen by the outer-sphere mechanism, Reaction (13). The reduction potential of O2 to 
form HO2 is consistently greater than that of the Cu(I)/Cu(II) couple, except at pH greater than about 
1.0, but the potential difference diminishes quickly with increasing chloride concentration up to 4.5 
M [58]. Under this equilibrium, additional chloride would promote the reverse reaction, thereby 
inhibiting oxidation, since Cu(I) is better stabilized by Cl– than Cu(II), as given by its greater stability 
constants at various ionic strengths [26] and being a more polarizable, softer acid for the borderline 
ligand [64]. This effect has been observed experimentally [58,67]. Activation energy for the net 
reaction was calculated as 12.5 kJ mol–1 at 4 M total chloride and 15 mM CuCl, but this barrier is likely 
to increase directly with chloride, considering its noted retarding effect [70]. Oxidation is thus more 
likely to proceed by the outer-sphere mechanism for the first ET, as it shows better alignment of 
observed kinetic data with theoretical kinetics, and the derived rate equation correctly predicts an 
inverse dependence on copper(II) [58,67]. 

There is some disagreement regarding reaction orders. Most studies concur first order with 
respect to oxygen, while dependence on cuprous species is either determined also as first order or to 
display second order kinetics when tested at greater concentrations, indicating a possible shift or 
differences in data analysis [67,68,70]. Also disputed is the effect of speciation. Investigations have 
disagreed among propositions of which cuprous chloride complex is kinetically active [67,70]. This 
question should be investigated further, and insight may be gained by measuring rate constants as 
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copper concentration varies from millimolar to several molar under fixed and variable chloride 
concentration with reference to known speciation distributions. 

3.3. Alkaline Cupric Ammine Chloride 

Claimed in industry to regenerate by dissolved oxygen from ambient air [50], this conjecture for 
alkaline cupric ammine chloride etchant apparently has not been proven experimentally. In fact, 
oxygen solubility in both ammonium chloride and ammonium sulfate decreases rapidly with ionic 
strength, reaching millimolar solubility less than that of chloride solution by factors near 57–71 at 
equivalent ionic strength [55]. The literature search did not yield any studies specifically examining 
homogeneous oxidation of copper(I) by air or oxygen in alkaline media of ammonia and ammonium 
chloride, indicating this essential process is severely under-studied. 

Inferences can be made of the mechanism, however, similarly to that of ferric and acidic cupric 
chloride. Proton-coupled electron transfer steps proposed by the outer-sphere and inner-sphere 
mechanisms would be disfavored by alkaline pH, as speciation of reduction intermediates shifts 
toward their unprotonated conjugates, such as the superoxide anion radical, O2–. Differences in 
preferred ammine coordination number by Cu(I) and Cu(II) suggests also intermediate ammine 
configurations in the oxidation pathway, as described similarly in a previous section for the 
mechanism of the machining reaction. A related study has detected significant presence of 
[Cu2II(NH3)4O2]2+ as an intermediate in the aerobic oxidation of Cu(I) by extended X-ray absorption 
fine structure (EXAFS) spectroscopy and supported by density functional theory (DFT), indicating a 
mechanism of inner-sphere adducts [71]. Although, oxidation was conducted at 200 °C, so lower 
temperatures may not be able to maintain the steric strain of such an intermediate, and more stable 
intermediates are instead likely to become more viable closer to industrial conditions. 

Equilibrium of the first ET to oxygen would depend on the effect of relative ligand stabilization 
between the oxidized and reduced forms to favor either the forward or reverse reaction [58]. DFT 
calculations of ligand field stabilization energy for an array of hydrated ammine configurations of 
both Cu(I) and Cu(II) show significantly greater stabilization energy for Cu(II) in all cases [43]. 
Therefore, favor would be expected for the forward reaction, the oxidation of Cu(I). The effect of 
varying ligand concentration and mixed ligand speciation [72] on rate constants and reduction 
potentials should be investigated for mechanistic insight as well, although kinetic results would need 
correction for mass transfer to account for the noted simultaneous result of reduced solubility. 

4. Conclusions 

While the mechanisms of copper chemical machining by the transition metal salts of ferric 
chloride, acidic cupric chloride, and alkaline cupric ammine chloride are commonly simplified as 
proceeding with their neutral salts as the acting oxidizing agents, literature has been presented in 
support of a hypothesis that these etchants instead proceed through intermediate coordination 
complexes. It is then recommended, to further investigate the hypothesis and proposed mechanisms, 
that further research include a mechanistic analysis by electrochemical impedance spectroscopy [73], 
or some other comprehensive method, in conjunction with DFT calculations of free energies and 
electronic coupling. Any kinetic investigations should certainly include corrections for mass transfer 
to avoid confounding results with diffusion control at high ionic strengths. Such investigations may 
finally provide a comprehensive understanding of the machining mechanisms with detailed intrinsic 
(mass transfer-corrected) kinetics and actual kinetics, relative rates between ligand exchange and ET, 
and reaction coordinate diagrams showing potential energy along the complete pathway. Although 
the mathematical rigor predicating mechanistic analysis by electrochemical impedance spectroscopy 
seems to discourage its use [73], the technique has already been applied successfully to the case of 
alkaline cupric ammine chloride etchant [25]. 

Aerobic oxidation of the reduced forms of these etchants has been discussed since the mid-1900s, 
but mechanisms of such regeneration have not been well-characterized until recently [58], likewise 
to their machining mechanisms. However, it seems aerobic regeneration of alkaline cupric ammine 
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chloride still has yet to be elucidated, despite its industrial usage. Establishing a detailed description 
of the mechanisms driving these fundamental, industrial processes remains essential to the goal of 
designing and modeling reactors for anisotropic chemical machining of copper surfaces. This article 
provides a review of the contributing knowledge base along with novel insight and further direction 
for further research. 
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